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Gravity and electrostatic separation of unburned coal from a selected fly ash
Abstract
Unburned coal grains make it difficult to use fly ash economically, which causes energy losses in the fuel.
The article presents the possibilities of separating unburned coal from selected fly ash. In order to assess
the possibility of separation of unburned carbon, the analysis of grain density and ash composition was
used. Unburned coal was separated by four methods – one wet gravity and three dry methods. It has
been found that despite very fine ash grains, the quality and quantity of separation products are
significantly dependent on the separation method used and the separated grains’ qualitative
characteristics. The analysis of the coal grains under an electron microscope has revealed that they
contain mineral inclusions. Their presence enables selective separation of carbon without first grinding
the middling grains. The most advantageous results of the separation of unburned coal were obtained by
the electrostatic separation method. Separated coal can be used in high-value carbon applications.
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Abstract
Unburned coal grains make it difﬁcult to use ﬂy ash economically, which causes energy losses in the fuel. The article
presents the possibilities of separating unburned coal from selected ﬂy ash. In order to assess the possibility of separation of unburned carbon, the analysis of grain density and ash composition was used. Unburned coal was separated by
four methods e one wet gravity and three dry methods. It has been found that despite very ﬁne ash grains, the quality
and quantity of separation products are signiﬁcantly dependent on the separation method used and the separated grains’
qualitative characteristics. The analysis of the coal grains under an electron microscope has revealed that they contain
mineral inclusions. Their presence enables selective separation of carbon without ﬁrst grinding the middling grains. The
most advantageous results of the separation of unburned coal were obtained by the electrostatic separation method.
Separated coal can be used in high-value carbon applications.
Keywords: ﬂy ash, unburned coal, gravity separation, electrostatic separation, mineral inclusions

1. Introduction

T

he Polish energy industry is based primarily
on commercial power plants. In 2021, the
production volume at these facilities amounted to
154,599 GWh. The most important fuel for electricity
generation in 2021 was hard coal, with a 53% share,
and lignite, with a 26% share. Renewable energy
sources produced 18,984 GWh, and their share
increased to 11%. By-products like ﬂy ash and
furnace slag (CBP) are generated during the coal
gasiﬁcation and combustion process in a power
plant or combined heat and power plant. CBP has
been increasingly seen not as a waste but as valuable raw material, as its industrial use in cement is
possible if the ﬂy ash contains a low content of unburned coal (UC) [1e5]. The unburned coal content
in CBP is an indicator of the inefﬁciency of the
combustion process and is most often an obstacle to
its economic use [6,7].
UC, which has been separated from ﬂy ash and
suitably enriched, has signiﬁcant potential as
a high-value product with many possible

applications [2,3,8e10]. Although in some cases,
unburned coal particles or chars in ﬂy ashes could
adsorb hazardous volatile elements (e.g., Hg)
[11e14], the unburned coal grains, due to good
sorption properties, may be used to remove B, As,
Cu, Pb, Zn, Mn, Cr and Ni from wastewater, or to
capture CO2, SO2 or NOx from exhaust gases
[2,9,11e14]. In the simplest case, the separated coal
may be used for re-combustion or be a substitute for
natural graphite-bearing raw materials [2,14e16].
Recovering unburned coal and using it as a substitute for natural graphite in ”green energy” technologies is a new and important research direction.
In the literature, there is a series of reviews on the
origin [2,17,50], the puriﬁcation [3,18e25], the characteristics [7,26e31] and the use of char [2,3,32].
A number of wet and dry methods have been
developed for the recovery of unburned carbon
from coal ﬂy ash, and there are various options for
the beneﬁciation of coal ﬂy ash to reduce the LOI
value. Most of the current methods for separating
unburned carbon from ﬂy ash use sieving, gravity
separation, electrostatic separation, froth ﬂotation,
and oil agglomeration [2,3,16,18e25,33,51]. The
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above-mentioned methods have their advantages
and disadvantages, and their possible use must take
into account the properties of ﬂy ash as well as the
requirements for separation products. This applies
especially to the purity level of the products and the
carbon recovery. Froth ﬂotation and oil agglomeration methods often cannot be used due to the
harmful adsorption of hydrocarbons. The screening
method is usually inefﬁcient and cumbersome due
to the small size of the separated grains. In such
cases, gravity or electrostatic methods and their
combination are available. Gravity methods can be
dry or wet, and electrostatic methods e are only dry.
Due to the need to dewater the separation products,
dry methods are more economical.
The paper presents the research results on the
possibility of separating unburned coal from ﬂy ash
using gravity methods and the electrostatic method.
One two-step wet gravitational separation method
and two dry gravitational separation methods were
applied. It has been found that despite very ﬁne ash
grains, the quality and quantity of separation
products are signiﬁcantly dependent on the separation method used and the separated grains’
qualitative characteristics.

2. Materials and methods
The material used for testing was ﬂy ash from
pulverized coal boilers taken from a power plant
located in southern Poland. The power plant utilises
a blend of energy coal, classiﬁed according to ISO
11760 [34] as subbituminous coals. The coal contained
20.7% ash, and its caloriﬁc value was 21,300 kJ/kg (dry
basis). The ash sample was collected and prepared in
accordance with EN 14899 [35].
The chemical and phase composition of the ﬂy ash
was determined on the basis of tests carried out
using:
 X-ray ﬂuorescence spectrometer (XRF)
 X-ray diffractometer (XRD)
 scanning electron microscope-energy dispersive
X-ray analysis (SEM/EDS)
“Main chemical component and trace element
content by wavelength dispersive X-ray ﬂuorescence spectroscopy (WDXRF) using a ZSX PRIMUS
II analyser (Rigaku, Tokyo, Japan) equipped with
a 4 kW X-ray Rh tube; the samples were prepared by
borate fusion (1 g sample: 9 g ﬂux), the beads were
obtained by melting the resulting mixture at
a temperature of 1050 C.” [48].
“Mineral composition by powder X-ray diffraction
(XRD) in BraggeBrentano geometry using a D8

DISCOVER diffractometer (Bruker, Billerica, MA,
USA) with a CuKalamp, Ni ﬁlter and a LYNXEYE_XE detector working under the following
conditions: Materials 2022, 15, 3023 4 of 24voltage e
40 kV, 2theta angle step sizee0.01, timee1 s by step,
2theta angle range 4e69 ; sample rotatione10 /min;
the composition was calculated on the basis of patterns licensed in PDF-4þ 2021 RDB ICDD (International Centre for Diffraction Data) and databases:
ICSD (Inorganic Crystal Structure Database) and
NIST (National Institute of Standard and Technology); the following programs were used for registration and diagnostics: DIFFRAC v.4.2 and TOPAS
v.4.2. Bruker AXS; the quantitative phase composition was determined by the Rietveld method” [48].
The ash characteristics, determined using the
SEM scanning electron microscope, included the
determination of the morphology and size of grains
and the elemental composition based on the
observation of grain surface and X-ray microanalysis. The SEM/EDS analysis was performed with the
help of the Hitachi SEM SU3500 variable pressure
scanning electron microscope, using an X-ray
spectrometer with energy dispersion of the EDD
Ultra Dry from Thermo Scientiﬁc NORAN System 7.
The BSE (Backscattered Electron) detector was used
for analysis because of its ability to illustrate the
contrast in the composition of multiphase samples.
The size distribution of ash was determined using
a wet sieving method according to ISO 1953 [36].
The measure of the amount of unburned coal was
a loss on ignition (LOI) [37]. The amount of unburned coal (LOI) was determined in accordance
with the procedure described in EN 196e2 [38] at
900  C.
The ﬂoat and sink analysis was performed according to standard ISO 7936 [39]. Organic liquids
with densities of 1.4e2.0 g/cm3 were used for the
tests for every 0.1 g/cm3.
All analyzes were performed at the Department of
Environmental Monitoring of the Central Mining
Institute.
Ash samples with a grain size above 100 mm were
used to study the recovery of unburned coal from
ash. The distribution of the unburned coal content,
in relation to the grain size in the total ash sample
(Fig. 1) and the technical requirements of some
separators, was the basis for this selection.
The unburned coal extraction with the wet gravitational method was carried out in two stages. In the
ﬁrst stage, cenospheres were separated which ﬂoat
on the surface of the suspension. In the second
stage, the separation technique in a rising water
current was used. Separation in the rising water
stream was carried out at a test stand depicted in
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Fig. 1. The grain composition of the ash sample and unburned coal content (LOI) in the function of the size of ﬂy ash particles.

Fig. 2. Test stand diagram for separation in a rising water stream 1 e
feeder, 2 e separator, 3 e sediment (bottom product), 4 e overﬂow (top
product), 5 e pump, 6 e three-vay valve [49].

Fig. 2. “The water ﬂow intensity was selected
experimentally, so as to obtain the most optimal
separation possible. The water ﬂow intensity was
within the range of 1e3 dm3/min” [49].
Two different gravitational separation techniques
were also applied using the dry method. One of
them was the traditional ﬂuid bed method, and the
other was a ﬂuid bed method with vibrations and
a classiﬁer.
The separation ﬂuid bed method was carried out
in a laboratory ﬂuid bed separator, which was
a properly instrumented quartz tube with a diameter of 100 mm and a height of 500 mm (Fig. 3).
Quartz sand with a grain size of 300e385 mm was
used as a ﬂuid-forming agent. The separation ash
was gradually dosed in portions to ensure the
required pressure drops over the deposit. After the

Fig. 3. Scheme of the ﬂuid bed separator: 1 e ash dispenser, 2 e exhaust
fan, 3 e cyclone, 4 e settlement chamber, 5 e ﬂuidized bed, 6 e ﬂow
meter, 7 e air fan, 8 e distributor.

end of the ash dosing and setting the pressure over
the deposit at a stable level, the air ﬂow velocity was
reduced in order to arrange the grains in characteristic layers. In the upper layer of the deposit,
unburned coal grains formed, and in the lower
layer, ash grains and a layer of quartz sand grains
formed.
The ﬂuid bed separation method with vibrations
was carried out in a device consisting of a separator
with a ﬂat nozzle bottom and a classiﬁer with vertical airﬂow. This is a combination of the classiﬁcation method with vertical airﬂow and elutriation.
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Furthermore, vibrations were used to loosen the
grains at the ﬂuid deposit forming stage.
Electrostatic enrichment tests were carried out
using the Boxmag-Rapid Limited device from England. The main variable was the voltage between
the electrodes regulated within 10e25 kV.
Increasing the voltage between the electrodes to
above 25 kV caused a spark and prevented
separation.
The separation products of individual tests were
dried (in the case of wet methods), the losses on
ignition (LOI) were determined as a measure of
unburned coal content, and a mass balance was
prepared. The recovery of unburned coal in the
separation process products was calculated from the
dependence:
b
3¼ g
a

important ash element is unburned coal (UC),
whose content is 8.93%. The chemical components
which are present in amounts ranging from
approximately 1%e6% are: Fe2O3 (6.16%), CaO
(3.36%), K2O (2.7%), MgO (2.56%), Na2O (1.05%) and
TiO2 (0.99). The average content of other remaining
oxides (Mn3O4, P2O5 and SO3) does not exceed
0.50%. It should be noted that the above-mentioned
mineralogical and chemical characteristics are
typical for ﬂy ashes from subbituminous coals. They
are produced in coal power plants [2,31,33,40e42].
The yield in each ash fraction and the respective
content of UC is shown in Fig. 1. The content of UC
for the whole sample was 9,4%. A typical picture of
the ash grains smaller than 20 mm in size, magniﬁed
2000  under the electron microscope, is shown in
Fig. 4.
Visible numerous light gry balls are microspheres. In the background of the microspheres
are visible irregular dark coal grains. The point
analysis spots 1 and 2 in Fig. 4 of the chemical
composition results in their main ingredient being
carbon. Its content, calculated as oxide, oscillates
in the range of 88e92%. The main components of
the cenospheres are silicon and aluminium compounds [43e45]. For example, in spot 3 of Fig. 4,
the Al content in terms of Al2O3 reaches 33.8%,
and the content of Si in terms of SiO2 is 25.3%. The
carbon content in cenospheres is low e below
20%, calculated in CO equivalent (spot 3). Grey
grains (spots 4 and 5) are probably mineral due to
its low carbon content (less than 8%) and a very
high content of Ca (about 46.4%), Sio2 (about 53.2),
and P (about 38.1%). In the grain classes of
20e32 mm, 32e45 mm and 45e63 mm, the losses of
UC amount to 5% (Fig. 1). From the 100e63 mm
class, the content of UC increases, reaching more
than 40% in the thickest class. This shows that the
content of UC in the ash increases with the
increasing grain size. The grain composition of the
ash and the increase in the content of unburned
carbon, along with the increase in ash graining,
are consistent with the data given in the literature
[2,33,40e42].

ð1Þ

where: 3  unburned coal recovery,
b  loss on ignition value in the product,
a  loss on ignition value in the enrichment feed,
g  product weight yield.

3. Results and discussion
The results of the mineral analysis of ash compositions are presented in Table 1.
The dominant ash component is the amorphous e
(Am) phase. The content during this phase was
75.46%. The second quantitatively mineral component is (Mu) mullite ewith a content of 13.90%. The
last signiﬁcant quantitative component is (Q) quartz,
whose content is 9.04%. All three phases (Am, Mu
and Q) account for over 90% of the mineral
composition of ash, which indicates such: anhydrite,
hematite, magnetite, maghemite and periclase.
The results of the chemical analysis are presented
in Table 2.
The dominant components of the ash are SiO2 and
Al2O3 (Table 2). The share of SiO2 is 51.68%, while
Al2O3 is 22.19%. Together, these two components
account for over 70% of the total share. An

Table 1. Mineral composition of ﬂy ash.
Mineral composition

Q

Mu

Ah

He

Mgt

Mgh

Pe

Am

Sum

Weight yield, %

9.04

13.90

0.20

0.10

0.10

0.60

0.60

75.46

100.00

Table 2. The main chemical components of ﬂy ash.
Chemical components

SiO2

TiO2

Al2O3

Fe2O3

Mn3O4

MgO

CaO

Na2O

K2O

P2O5

SO3

LOI

Sum

Weight yield, %

51.68

0.99

22.19

6.16

0.11

2.56

3.36

1.05

2.70

0.17

0.10

8.93

100.00
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Fig. 4. The SEM-BSE image of ash grains of the class below 20 mm in 2000  magniﬁcation and SEM-EDX spectra of the selected different grains.
Table 3. Float and sink analysis.
Fraction, g/cm3

Yield, %

Sum of the yield, %

LOI in fraction, %

Cumulatively LOI, %

1.4
1.4e1.5
1.5e1.6
1.6e1.7
1.7e1.8
1.8e1.9
1.9e2.0
þ2.0
Sum

17.2
9.4
6.9
4.9
7.2
16.7
7.4
30.3
100

17.2
26.6
33.5
38.4
45.6
62.3
69.7
100

2.69
18.44
16.15
15.11
30.06
39.05
31.75
3.57
16.16

2.69
8.25
9.87
10.54
13.64
20.45
21.65
16.16

The ﬂoat and sink analysis of the grain class
þ100 mm ash are presented in Table 3.
The ﬂoat and sink analysis indicated that the two
extreme fractions, i.e. the lightest (1.4 g/cm3) and
the heaviest (þ2.0 g/cm3), together constituted

approximately 47.5%. The lightest fraction was
virtually pure cenosphere, found ﬂoating on the
water's surface. The unburned coal content in the
lightest and heaviest fractions was 2.69% and 3.57%,
respectively. The other fractions' yield is 4.9e16.7%,
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and the contents of unburned coal are in the range
of 15.11e39.05%. These characteristics indicate that
the emission of unburned coal using gravity
methods is very difﬁcult because the undesirable
fractions in the concentrate are the two extreme
fractions, i.e. 1.4 and þ 2.0 g/cm3. These characteristics require two-stage gravity enrichment, using
the wet method. In the ﬁrst stage, the lightest density fraction, i.e. cenospheres ﬂoating on the surface
of the suspension, should be separated. In the second stage, grains with a density above 2.0 g/cm3
should be separated.
This is also conﬁrmed by the results of calculations of unburned coal in concentrate and wastes
(Table 3). Separating the lightest fraction will
Table 4. Characteristics of unburned coal obtained in individual
separation methods.
Separation methods

Separation in a rising
water stream
Fluid bed separation
Fluid bed separation
with vibration
Electrostatic separation

Value of loss Mass yield of Carbon
ignition of the the product
recovery
product
b, %
30.30

g, %
12.9

3, %
24.2

55.95
62.00

2.4
5.6

8.3
21.5

45.90

17.8

50.5

increase the UC to 18.96%. On the other hand,
separating only the heaviest fraction will result in
the UC in the remaining concentrate equaling
21.65%. For the aforementioned reasons, unburned
coal removal by wet gravity was carried out in two
stages. The results of the selected unburned coal
exuding tests using speciﬁc methods are presented
in Table 4.
The content of unburned coal in concentrates
separated by individual methods varies considerably in the range of 30.30e62.00%. The product with
the highest coal content is a concentrate from ﬂuidized separation with vibration, and the smallest
concentrate is from two-stage wet separation. The
second parameter characterizing the separated coal
concentrates is their yield. This ﬂuctuates widely
between 2.4 and 17.8%. The largest yield of coal
concentrate was obtained by electrostatic separation
and the smallest by the ﬂuid bed separation
method. Using the above parameters and the coal
content in the distribution feed, the coal recovery in
the individual separation methods was calculated.
The highest recovery, equal to 50.5%, was obtained
by the electrostatic method and the smallest, 8.3%,
by the ﬂuid bed method. In the other two distribution methods, coal recovery is similar and amounts
to 24.2% in the wet method and 21.5% in the ﬂuid

Fig. 5. The SEM-BSE image of seeds of one of the concentrates and SEM-EDX spectra of selected seeds.

bed separation with vibration. Similar conclusions
were also published in the paper [37].
Figure 5 presents an image from an electron microscope of one of the concentrates, including the
point analyses of the chemical composition of
selected grains. For the other concentrates, the grain
views were very similar. The vast majority of grains
have an irregular shape, as well as grains of an
elongated shape and grains in the shape of plates or
stripes. The very large porosity of dark coalaceous
grains, with bright shiny areas that constitute mineral inclusions, is noteworthy. The content of
elemental coal in spots 1 and 2, designated as coal
monoxide, is over 92%. The elemental coal content
in bright shiny areas is much lower and amounts to
around 10% (spot 3). This is a typical picture of the
coal grain with mineral inclusions.
As shown in Fig. 5, the dimensions of the mineral
inclusions are smaller than 20 mm. In the tested
case, increasing UC in the separation products is
difﬁcult without prior grain grinding. The crushing
can release coal from the mineral inclusions.
Similar observations come from the work [46,47].
However, crushing the grains will reduce their
dimensions, making it more difﬁcult to separate
them.

4. Conclusions
The possibility of separating unburned coal from
selected ﬂy ash was evaluated in this paper.
Recovering unburned coal with one wet method
and three dry methods was proposed. From ﬂy ash
with a grain size above 100 mm and unburned coal
content of 16.16%, it was possible to obtain
a concentrate containing 30.3e62% of unburned
coal. The highest amount of unburned coal in the
concentrate, equal to 62%, was obtained using
a ﬂuid bed method with separation. The largest
yield of concentrate, equal to 17.8%, was obtained
using the electrostatic method. Further cleaning of
the concentrate is very difﬁcult without crushing the
grains in order to release the carbon grains from
mineral inclusions.
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€ Işerli
_ Yi
_
[13] Karayi
git AI,
gitler O,
S, Querol X, Mastalerz M,
Oskay RG, et al. Mineralogy and geochemistry of feed coals
and combustion residues from tunçbilek and seyit€
omer
coal-ﬁred power plants in western Turkey. Coal Combust
Gasif Prod 2019;11(18e31):438e56. https://ccgpjournal.org/
article/12453-mineralogy-and-geochemistry-of-feed-coalsand-combustion-residues-from-tunbilek-and-seyitmer-coalﬁred-power-plants-in-western-turkey.
[14] Kostova IJ, Hower JC, Mastalerz M, Vassilev SV. Mercury
capture by selected Bulgarian ﬂy ashes: inﬂuence of coal
rank and ﬂy ash carbon pore structure on capture efﬁciency.
Appl Geochem 2011 Jan 1;26(1):18e27.
[15] Cabielles M, Rouzaud J-N, Garcia A B. High-resolution
transmission electron microscopy studies of graphite

RESEARCH ARTICLE

JOURNAL OF SUSTAINABLE MINING 2023;22:33e40

40
RESEARCH ARTICLE

[16]

[17]
[18]
[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]
[27]

[28]

[29]
[30]

[31]

JOURNAL OF SUSTAINABLE MINING 2023;22:33e40

materials prepared by high-temperature treatment of unburned carbon concentrates from combustion ﬂy ashes.
Energy Fuel 2008 Dec 12;23(2):942e50.
Came
an I, Garcia AB. Graphite materials prepared by HTT
of unburned carbon from coal combustion ﬂy ashes: performance as anodes in lithium-ion batteries. J Power Sources
2011 May 15;196(10):4816e20.
Ghosh S, Singh Parihar V, Verma P, Shukla P. Microbial
nanotechnology for bioremediation of industrial wastewater.
2020. https://doi.org/10.3389/fmicb.2020.590631.
Kumar Yadav V, Hiraman Fulekar M. Ceramics advances in
methods for recovery of ferrous, alumina, and silica nanoparticles from ﬂy ash waste. www.mdpi.com/journal/ceramics.
Badenhorst C, Santos C, L
azaro-Martínez J, Białecka B,
Cruceru M, Guedes A, et al. Assessment of graphitized coal
ash char concentrates as a potential synthetic graphite
source. Minerals 2020;10:986. https://doi.org/10.3390/
min10110986.
Alam J, Kumar Yadav V, Yadav KK, Cabral-Pinto MM,
Tavker N, Choudhary N, et al. Recent advances in methods
for the recovery of carbon nanominerals and polyaromatic
hydrocarbons from coal ﬂy ash and their emerging applications. 2021. https://doi.org/10.3390/cryst11020088.
Bartnov
a L, Juchelkov
a D, Klika Z, Cech B. On unburned
carbon in coal ash from various combustion units. World
Acad Sci Eng Technol Int J Chem Mol Nucl Mater Metall Eng
2011;5:280e3.
Cao YJ, Li GS, Liu JT, Zhang HJ, Zhai X. Removal of unburned
carbon from ﬂy ash using a cyclonic-static microbubble ﬂotation
column. J South African Inst Min Metall 2012;112(10):891e6.
http://www.scielo.org.za/scielo.php?script¼sci_arttext&pid¼S2
225-62532012001000010&lng¼en&nrm¼iso&tlng¼en.
Gray ML, Champagne KJ, Soong Y, Killmeyer RP, MarotoValer MM, Andr
esen JM, et al. Physical cleaning of high
carbon ﬂy ash. Fuel Process Technol 2002 Apr 20;76(1):11e21.
Li G, Deng L, Liu J, Cao Y, Zhang H, Ran J. A new technique
for removing unburned carbon from coal ﬂy ash at an industrial scale. Int J Coal Prep Util 2015 Sep 3;35(5):273e9.
https://doi.org/10.1080/19392699.2015.1008098.
Mercedes Maroto-Valer MN, Taulbee D, Hower C. Novel
separation of the differing forms of unburned carbon present
in ﬂy ash using density gradient centrifugation. Energy Fuel
1999 May 11;13(4):947e53.
Sung H, Yoo K, Lee S. The removal of unburned carbon from
ﬂy ash by kerosene extraction. Geosystem Eng 2016 Mar 3;
19(2):96e9. https://doi.org/10.1080/12269328.2015.1096841.
€ Depci T, Yo
Uçurum M, Toraman OY,
gurtçuo
glu E. A study
on characterization and use of ﬂotation to separate unburned
carbon in bottom ash from Çayirhan power plant. Energy
Sour Part A Recover Util Environ Eff 2011 Jan 13;33(6):
562e74. https://doi.org/10.1080/15567030903117638.
Kim J-K, Cho H-C, Kim S-C. Removal of unburned carbon
from coal ﬂy ash using a pneumatic triboelectrostatic separator. J Environ Sci Heal Part A 2001 Sep 30;36(9):1709e24.
https://doi.org/10.1081/ESE-100106253.
Zhang R, Guo F, Xia Y, Tan J, Xing Y, Gui X. Recovering
unburned carbon from gasiﬁcation ﬂy ash using saline water.
Waste Manag 2019 Oct 1;98:29e36.
Baltrus JP, Wells AW, Fauth DJ, Diehl JR, White CM. Characterization of carbon concentrates from coal-combustion ﬂy
ash. Energy Fuel 2001 Mar 1;15(2):455e62. https://doi.org/
10.1021/ef000201o.
Barto
nov
a L, Klika Z, Spears DA. Characterization of unburned carbon from ash after bituminous coal and lignite
combustion in CFBs. Fuel 2007 Feb 1;86(3):455e63.

[32] Hurt RH, Davis KA, Yang NYC, Headley TJ, Mitchell GD.
Residual carbon from pulverized-coal-ﬁred boilers. 2.
Morphology and physicochemical properties. Fuel 1995 Sep
1;74(9):1297e306.
[33] Külaots I, Hurt RH, Suuberg EM. Size distribution of unburned carbon in coal ﬂy ash and its implications. Fuel 2004
Jan 1;83(2):223e30.
[34] ISO 11760. Classiﬁcation of coals. 2018.
[35] EN 14899. Characterization of waste - sampling of waste
materials - framework for the preparation and application of
a Sampling Plan. 2005.
[36] ISO 1953. Hard coal d Size analysis by sieving. 2015.
nski S.
[37] Styszko-Grochowiak K, Gołas J, Jankowski H, Kozi
Characterization of the coal ﬂy ash for the purpose of
improvement of industrial on-line measurement of unburned carbon content. Fuel 2004 Sep 1;83(13):1847e53.
[38] EN 196-2. Method of testing cement - Part 2: chemical
analysis of cement. 2013.
[39] ISO 7936. Hard coal d determination and presentation of
ﬂoat and sink characteristics d general directions for apparatus and procedures. 1992.
[40] Yan W, Li J. Modeling of the unburned carbon in ﬂy ash.
Energy Power Eng 2009;1(2):90e3.
[41] Bhatt A, Priyadarshini S, Acharath Mohanakrishnan A,
Abri A, Sattler M, Techapaphawit S. Physical, chemical, and
geotechnical properties of coal ﬂy ash: a global review. Case
Stud Constr Mater 2019 Dec 1;11:e00263.
[42] Wu FC, Wu PH, Tseng RL, Juang RS. Preparation of activated carbons from unburnt coal in bottom ash with KOH
activation for liquid-phase adsorption. J Environ Manag 2010
May 1;91(5):1097e102.
[43] Hurt RH, Gibbins JR. Residual carbon from pulverized coal
ﬁred boilers: 1. Size distribution and combustion reactivity.
Fuel 1995 Apr 1;74(4):471e80.
[44] Ngu L, Wu H, Zhang D. Characterization of ash cenospheres
in ﬂy ash from Australian power stations. Energy Fuel 2007
Oct 3;21(6):3437e45.
[45] Fomenko E V, Anshits N N, Vasilieva N G, Mikhaylova O A,
Rogovenko E S, Zhizhaev A M, et al. Characterization of ﬂy
ash cenospheres produced from the combustion of Ekibastuz
coal. Energy Fuel 2015 Jul 15;29(8):5390e403.
[46] Harja M, Barbuta M, Rusu L, Apostolescu N. Utilization of
coal ﬂy ash from power plants I. Ash characterization. Environ Eng Manag J 2008;7:289e93.
[47] Badenhorst CJ, Wagner NJ, Valentim BRV, Viljoen KS,
Santos AC, Guedes A. Separation of unburned carbon from
coal conversion ash: development and assessment of a dry
method. Coal Combust Gasif Prod 2019;11(1):89e96.
[48] Cempa M, Olszewski P, Wierzchowski K, Kucharski P,
Białecka B. Ash from poultry manure incineration as a substitute for phosphorus fertiliser. Materials 2022 Apr 21;15(9):
3023. https://doi.org/10.3390/ma15093023.
[49] Wierzchowski K, Białecka B, Calus Moszko J, Klupa A.
Characterization of unburned carbon separated from power
plant slag. Int J Environ Sci Technol 2020;17:2499e510.
https://doi.org/10.1007/s13762-020-02655-7.
[50] Nowak P, Ł Uruski, Nabagło D, Franaszczuk S. Waloryzacja
mechaniczna popioł
ow lotnych, XXV Międzynarodowa Konferencja “Popioły z energetyki”. http://unia-ups.pl/wp-content/
uploads/2018/11/PGE_PaulinaNowa_Waloryzacja.pdf.
[51] Bie
nkowski M. Zakład Separacji Popioł
ow Siekierki e
doswiadczenia po pierwszym roku funkcjonowania, XXVI
Międzynarodowa Konferencja “Popioły z energetyki”. http://
unia-ups.pl/wp-content/uploads/2019/11/Micha%C5%82Bie%C5%84kowski.pdf.

